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Abstract 
c 
(i 
A s tudy  has been performed of i o n  sources having a magnet ica l ly  
a l igned  e l e c t r o n  beam and which a r e  compatible wi th  a prev ious ly  
designed quadrupole mass spectrometer f o r  p l ane ta ry  atmospheric 
ana l y s i s .  
A primary o b j e c t i v e  was t o  use t h e  r i g i d  alignment of t he  e l e c t r o n  
beam t o  minimize e l e c t r o n  bombardment of t h e  ion  source  su r faces  
thereby removing one of t h e  obs tac les  t o  s t a b l e ,  long-term opera- 
t ion .  A second o b j e c t i v e  was t o  formulate t h e  r e l a t i o n s h i p s  of 
s i z e ,  p ressure ,  e l e c t r o n  c u r r e n t  and app l i ed  p o t e n t i a l s  f o r  a 
simple model of a magnetic i on  source i n  order  t o  s c a l e  the  
dimensions and p res su re  over wide ranges. It is shown t h a t  f o r  
several reasons ,  s i z e  should be scaled down a s  t h e  ope ra t ing  
p res su re  is increased .  For a given system pumping speed,  t he  
output  c u r r e n t  range of t h e  source may be he ld  cons tan t  a s  t hese  
two v a r i r b l e s  a r e  coopera t ive ly  changed. The output  c u r r e n t  can 
r l r o  be ret t o  i n c r e a s e  wi th  higher p re s su re  and smal le r  s i z e .  I n  
t h i r  p roce r r ,  the  p r e r s u r e  and i o n  cu r ren t  become even tua l ly  
l imi t ad  by r p r c e  charge and ion  c o l l i s i o n a l  e f f e c t s .  
U l h 8  d r r i v r d  r c r l i n g  f r c t o r s  a crossed magnetic f i e l d  i o n  source 
W88 d r r i g n r d  f o r  o p r r r t l o n  a t  log1 t o r r  i n t e r n a l  pressure .  
modrl, hrvinu rn  intrrnrl volume of  4.7 x loD3 cubic  cent imeters  
and tunnol r p r r t u r r r  of 0,0025 contimotor diameter war conr t ruc tcd  
and r u b j r c t r d  t o  to r t .  
fu turo  micro-minir turr rourcor  , tho conr t r u c t i o n  problrmr and 
l imi tod  
qui r rmrnt r  rhould bo d i r r c t r d  toward l r r ~ e r  i s e r .  
A 
Whilr ruch r isrr  could be f o r r i b l a  f o r  
t o r t  r r ru l t r  i n d i c r t r d  t h r t  any p r r r r n t  o p s r r t i o n r l  re- 
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MAGNETIC I O N  SOURCE STUDY . 
c INTRODUCTION 
One of t he  primary cons ide ra t ions  f o r  the design of a mass spectrom- 
eter is  t h e  i o n  source ,  s i n c e  both the i o n  c u r r e n t  i n t e n s i t y  and 
cond i t ions  a r e  determined here .  "be i on  source imposes a l l  of t h e  
i n i t i a l  cond i t ions  on the ion  beam, which must be w i t h i n  def ined 
l i m i t s  i n  o rde r  t o  s a t i s f y  the requirements of t h e  mass r e so lv ing  
s e c t i o n  of the analyzer .  I n  add i t ion ,  t he  confidence i n  output 
d a t a  from a mass spectrometer can be p ro jec t ed  d i r e c t l y  t o  the 
r e l i a b i l i t y  a s s o c i a t e d  with the  i o n  source ,  i f  the system is not 
cont inuously c a l i b r a t e d ,  a s  i s  t h e  case i n  most s p a c e - f l i g h t  
sys  tems . 
The t a s k  of t h i s  s tudy was t o  perform a t h e o r e t i c a l  i n v e s t i g a t i o n  of 
a magnetic i on  source capable of approaching p res su res  i n  t h e  i o n i -  
z a t i o n  r eg ion  of 1x10-1 t o r r  and t o  des ign  and test t h i s  source. 
Other source c h a r a c t e r i s t i c s  desired were improved s t a b i l i t y  and 
s e n s i t i v i t y  ae well as an i n t e r c h a n g i b i l i t y  wi th  the e x i s t i n g  non- 
magnetic i on  source used i n  t h e  spec ia l i zed  Mass Spectrometer 
Number 2e b u i l t  under Contract NAS5-3453. 
The cono ide r r t i one  of concern i n  the i n v e e t i g a t i o n  of the magnetic 
i on  rource are r r  follows: 
1. I o n i s r t i o n  ryrtem. 
2 .  Ion  rource r e n r i t i v i t y .  
3.  D i f f e r e n t i r l  pumping and grr conductrnce. 
1 
4 .  
5 .  
6. 
7.  
8 .  
9. 
10. 
11. 
12. 
13. 
14. 
In t e rna  1 volume . 
Ion source t i m e  response.  
Ion source s t a b i l i t y  wi th  t i m e .  
Free paths  of t h e  e l e c t r o n s  and ions .  
E lec t ron  space charge. 
Ion space charge.  
Ion source l i n e a r i t y  wi th  p re s su re .  
l o n  energy d i s t r i b u t i o n .  
Magnetic Mass d i sc r imina t ion .  
Ion focusing . 
Compatibi li t y  wi th  Specia li zed Mass Spectrometer 
Number 2a. 
INTERFACE INVARIANTS 
The i n v a r i a n t s  of t he  i o n  source,  from which the i n v e s t i g a t i o n  and 
design proceeded, w i l l  now be reviewed. 
t i o n a , t h e  i n v a r i a n t s  i nc lude  the i o n i z a t i o n  system and the ion  
f ocueing , 
Of t h e  preceding cons ide r s -  
The f i r r t  cons ide ra t ion  i s  the  I o n i z a t i o n  system. 
which have been uaed Include thermal i o n l s o t i m  , vacuum spa rk ,  
gar d l rcha rge ,  pho to - ion i sa t ion ,  Ion bombardment, f i e l d  i o n i z e -  
t i o n ,  and e l e c t r o n  bombardment. 
reviewed by McDowrll,’ 
The techniques 
A l l  t h e r e  methods a r e  amply 
The mort common method app l i ed  t o  
1, McDowe11, Charles A , ,  b e e  Spectrometrv, McGraw H i l l  
New York, 1963, pp, 69-103 
2 
. 
mass spectrometry is t he  e l e c t r o n  bombardment method s i n c e  it 
can produce h igh ly - s t ab le  ion  beams of r e l a t i v e l y  h igh  i n t e n s i t i e s  
and low-energy spreads.  The o the r  methods of i o n i z a t i o n  a r e  
found t o  be unacceptable due t o  a low i o n i z a t i o n  c r o s s  s e c t i o n  
(or i n  the  case  of t he  gas discharge,  l ack  of c o n t r o l ) ,  so that  
t h e  e l e c t r o n  bombardment i o n i z a t i o n  system is t he  only type of 
i o n  source considered f o r  a n a l y s i s .  
An e l e c t r o n  beam can be generated by t h e  following types of 
emitters: 
1. 
2 .  
3 .  
4. 
5 .  
6. 
7. 
8. 
9, 
Oxide-coated cathodes.  
Matrix o r  d i f f u s i o n  cathodes. 
Refractory-coated cathodes. 
Thoriated cathodes. 
Thin f i l m  emitters. 
Tunnel emitters. 
Cold cathodes.  
Mete 1 cathodes . 
Ind i r ec  t l y  heated cathodes. 
O f  t h e s e  techniques,  t he  most widely used a r e  t h e  hot-wire 
f i l amen t  types,  s i n c e  high emission d e n s i t l e s  and t h i n  e l e c t r o n  
beams can be obtained,  
b u m ,  which crarter high e l e c t r o n  d e n s i t i e s  i n  the  ion ie ing  
r r ~ i o n  whilr  keepin8 the  anergy rpread of t h e  ion  berm t o  a 
minimum, 
This allows f o r  good focusing of t he  
n i r  rtudy i r  barrd upon r l r c t ron  bombardment i o n i z a t i o n  using 
ho t - f i l amrn t  rmirrion ryrtem, However, the mechrnirmr by which 
3 
t he  e l e c t r o n  beam i s  introduced t o  the i o n i z a t i o n  chamber vary 
g r e a t l y  throughout t h e  f i e l d  and t h e i r  c h a r a c t e r i s t i c s  a r e  inde- 
pendent of the v a r i a b l e s  w i t h i n  the i o n i z i n g  r eg ion ,  Consequently, 
t h i s  region i s  t r e a t e d  a s  a n  i n v a r i a n t  through the course of the 
study program. 
The ion focusing system can be accomplished by either of two means, 
image focusing o r  thermal-energy focusing. I n  an  image system, an  
image of t h e  i o n i z a t i o n  p a t t e r n  of t h e  e l e c t r o n  beam i s  produced a t  
t h e  e x i t  s l i t  of the source.  
by Abbe's Law. 2s3 A thermal energy focusing system focuses  the ion  
beam t o  a crossover  p o i n t  a t  t h e  e x i t  a p e r t u r e  of t h e  source and 
is described by L i o u s v i l l e  theorem. 
This c h a r a c t e r i s t i c  may be descr ibed 
4 
The ion source s e n s i t i v i t y  i s  dependent upon the  ion  source tempera- 
t u r e  i n  a thermal system, thus changing t h e  f o c a l  p o i n t  of the 
source,  which can change t h e  i t i t i a l  cond i t ions  of t h e  ions i n t o  the  
analyzer.  
t h e  i n i t i a l  c o d i t i o n s  of t he  i o n s ,  it has been necessary t o  l i m i t  
t h e  abe r ra t ions  by geometr ical  means, such a s  b a f f l i n g .  Such is  t h e  
caae i n  the i o n  focusing eystem of the Spec ia l i zed  Mass Spectrometer 
Number 2a,  where a thermal focusing system i s  used. The ion  focusing 
rystem w i l l  conrequently be t r e a t e d  a s  an  i n v a r i a n t  i n  the  source 
i n v e r t i g r t i o n  rnd i r  rsrumed t o  be a d j u e t a b l e  a8 a n  i n t e r f a c e  
mechrnirm by which t h e  i o n i z i n g  r eg ion  c h a r a c t e r l e t i c e  a r e  t r a n s -  
formrd t o  a r e t  of a n r l y r e r  i n i t i a l  cond i t ione ,  
I n  eyetems where t i g h t  t o l e r a n c e s  have been app l i ed  t o  
2.  Klemperer, O . ,  E l ec t ron  Op t i c s ,  Cambridge Un ive r s i ty  P res s ,  
Crmbridge, England, 1953, pp. 12-14. 
3. Spangenburg, K. R., Vacuum Tubes, McGraw-Hill, New York, 1948 
p. 741. 
4 ,  Pierce,  J. R. , Theory and Design of Elec t ron  Beams, Van 
Nortrand, Pr inceton,  N.J., 1954, pp. 48-51. 
4 
The i o n i z i n g  r eg ion  of t h e  source i s  the f o c a l  p o i n t  of i n t e r e s t  
f o r  t h i s  study. It encompasses the volume i n  which the  i o n i z a t i o n  
occurs ,  t h e  necessary i o n  e x t r a c t i o n  e l e c t r o d e s ,  and the  i n t e r f a c i n g  
a p e r t u r e s  through which the  e l e c t r o n  beam e n t e r s ,  and through which 
t h e  i o n  beam e x i t s .  
IONIZING REGION PARAMETERS 
Sample Pressure and Flow 
The o b j e c t i v e  of t h i s  s e c t i o n  i s  t o  ob ta in  a se t  of i n t e r - r e l a t i o n -  
s h i p s  of t h e  design parameters. To accomplish t h i s  t a s k ,  a model 
of the i o n i z i n g  region is set up i n  Figure 1. It is  d e s i r a b l e  t o  
o b t a i n  these  v a r i a b l e s  a s  f a m i l i e s  of curves  p l o t t e d  versus  the 
i o n  source p re s su re ,  s i n c e  t h i s  is the p a r t i c u l a r  parameter of 
i n t e r e s t  f o r  i nc reased  design c a p a b i l i t y .  
The ion c u r r e n t  formed wi th in  the ion iz ing  r eg ion  can be expressed 
by the equat ion 
convert ing t h i s  t o  c u r r e n t  dens i ty  f o r  a L i n  shee t  of e l e c t r o n s ,  
J+ I S JI PI wt!/wl 
or 
J+ = 8 JI P,t  
5 
FIGURE 1 
11-1338 
6 
. 
f 
Assuming a c i r c u l a r  a p e r t u r e  f o r  the  e x i t  of t he  ions  from the  
i o n i z a t i o n  r eg ion ,  t h i s  can be expressed i n  terms of the  i o n  c u r r e n t  
t r ansmi t t ed ,  such t h a t  
I& 
= aSJ- Ps t R2 
X 
(3)  
If t h e  e l e c t r o n  c u r r e n t  d e n s i t y  i s  held c o n s t a n t ,  i t  is seen t h a t  t h e  
t r ansmi t t ed  i o n  c u r r e n t  is only dependent upon the  ion  source p re s su re ,  
and two dimensions. 
t ed  by using Gu th r i e ' s  
of a s h o r t  p ipe ,  which s t a t e  that, 
However, t h e  i o n  source p re s su re  can be e l imina-  
r e l a t i o n s h i p s  f o r  t he  molecular conductance 
where 
k = Boltzman's cons t an t  
T = gar temperature  (absolu te )  
m = molecular mast3 
For a i r  a t  2 o 0 C D ,  and with R and L in cen t ime te r s ,  
12D1 (2R)2 (t) a (11 t r r r  l recond)  c1 
It ir now arrumrd t h a t  t h e  t o t a l  gar conductance out  of t h e  ion iz ing  
r eg ion  can be r x p r r r r e d  i n  termr of the flow through two a p e r t u r e s ,  
5.  G u t h r i r ,  A. , and Wakerling, R.K. 
McGraw H i l l ,  New York, 1949, pp. 29-47 
Vacuum EquiDment and Techniques 
7 
(1) an annulus f o r  t h e  i o n  e x i t ,  and (2) a t h i n  r e c t a n g u l a r  tube f o r  
t h e  e l e c t r o n  en t r ance .  
d 
Guthrie g ives  the  conductance for t h i n  r e c t a n g u l a r  t ube  wi th  a i r  a t  
2Ooc a s  
C2 - 30.9 w t  (%) K ( l i t e r s / second)  
where w ,  t, and L a r e  expressed i n  cent imeters .  The va lues  f o r a  
are t abu la t ed  i n  Table 1, and those f o r  K are l i s t e d  i n  Table 2.  
2 
Table 1. 
L1/2R - 
0.05 
0.08 
0.1 
Om2 
0 a4 
Om6 
Om8 
1.0 
2m 
4 
6 
8 
10 
20 
40 
a (de t e n n i n e d l  
0.036 
0.055 
0.068 
0.13 
0.21 
0.28 
Om30 
Om38 
Om54 
Om70 
Om77 
Om81 
Om84 
Om91 
Om95 
a (calcula  tea) 
0.036 
0.056 
0.070 
0.13 
0.23 
0.31 
0.38 
0.43 
0m60 
0m75 
0m82 
0.86 
0.88 
0.94 
0.97 
Table 1. (Continued) . 
b 
60 
80 
100 
a (determined) 
0.97 
0.98 
1 
a(ca l c u l a t e d )  
0.98 
0.98 
1 
Table 2. 
L 2 / t  0.1 0.2 0.4 0.8 1 2 3 4 5 10 
K 0.036 0.068 0.13 0.22 0.26 0.40 0.52 0.60 0.67 0.94 
L 2 / t  >10 
ln- 3 (5) 
8 t  K 
For s i m p l i f i c a t i o n ,  and s i n c e  the dimensional v a r i a t i o n  is the same, 
it is assumed a t  t h i s  po in t  t h a t  t he  conductances a r e  equal  and the 
8aS flow i e  divided e q u a l l y  between the two a p e r t u r e s .  
assumption rnry be re-examined l a t e r ,  
used (a8 defined i n  the  l ist  of symbols), and equat ing C1 and C 2 ,  
i t  i 8  reen t h a t  
This 
Converting t o  MKS u n i t s  being 
w t  - 1.57R2 (*) (y) (*) (meters 2 ) 
Thir e x p r r r r i o n  aivrs tha  ire4 o f  the e l e c t r o n  entrance ape r tu re  i n  
term8 o f  t h r  r q u r r r  of t h e  ion  e x i t  a p e r t u r e  r a d i u s ,  r i n c e  the o the r  
9 
terms i n  t h e  express ion  a r e  cons t an t s  chosen from t h e  t a b l e s .  Using 
t h e  above d e f i n i t i o n  of equa l  flow through the  two a p e r t u r e s ,  t he  ion  
source conductance can be expressed a s  
d 
cs = 2c1 
o r  
cs = 96.8 X 104R2 (y) a ( l i t e r s / second)  
The conductance, Cs, is a l s o  r e l a t e d  t o  Q and 
Thus, 
P. 
Where Q = n e t  gas flow, and f o r  t h i s  case, is equa l  t o  t h e  product of 
t h e  analyzer pressure  and the  speed a t  t h e  pumping system a t  the  ana lyzer  
region ; 
Subrtituting for Q and rearranging the terms, 
P S 
P P 1 = 1 + - 1 1  
‘ 8  I 
10 
where the d i f f e r e n t i a l  pumping r a t i o ,  D ,  i s  now defined as  
s D = -  
P 
P a 
Solving equation ( 7 )  for  P , s 
o r ,  from equation (6), 
a S 
a 96. 8X104R2 a 
P = P  
S 
For large d i f f e r e n t i a l  pumping r a t i o s ,  
and l e t t i n g  
i t  can be written that 
(9 1 
11 
Space Charge i n  t h e  Ion iz ing  Region 
The preceding cons ide ra t ions ,  however, do no t  inc lude  the  e f f e c t s  of 
space charge w i t h i n  t h e  ion iz ing  r eg ion ,  due t o  t h e  presence of the  
e l e c t r o n  beam, and i o n  formation. L e t  i t  be assumed t h a t  a l imi ted  
non- l inea r i ty  can be t o l e r a t e d  i n  t h e  output  c u r r e n t  of t h e  source a t  
t h e  maximum pressure .  
Brubaker de f ines  t h e  c r i t i c a l  p ressure  i n  the  source a s  
k 
P C = A  4dS (-) 
and s i n c e  from h i s  work 
S x = -  
C 
P 
P V 
then s u b s t i t u t i o n  f o r  P 
i o n  cu r ren t  (3) g ives  
and J- i n  t he  equat ion  f o r  the  t ransmi t ted  
S 
r merx 
Allowing the  width of the  e l e c t r o n  beam and the d i s t ance  between the 
r e p e l l e r  and a c e l e r a t o r  t o  s c a l e  d i r e c t l y  wi th  the  ape r tu re  r ad ius  
0 
6. Brubaker, W. M . ,  Jnfluence of Space Cherge on the  P o t e n t i e l  
D i s t r ibu t ion  i n  Mess Spectrometer Ion  Sources,  J. App. Phya., 
Vol. 26, No. 8 ,  August 1955 
12 
such t h a t  
R R - - Kg and - = 
W d Kg , 
then 
The v a l u e s  of iv and x a r e  cons t an t s  which, t o  a l imi t ed  degree can 
be determined on the  b a s i s  of t h e  ion c u r r e n t  l i n e a r i t y  r equ i r ed .  
Those v a l u e s  a r e  obtained from Brubaker's work a s  c o r r e l a t e d  with 
previous experimental  t e s t i n g .  8 
The e f f e c t  of flow Q ,  a p e r t u r e  r a d i u s  and the o t h e r  s ea l ed  dimensions 
is i m p l i c i t  i n  the va lue  of Vr. 
Vr i n c r e a r e r  and rpaclnge decrease a d d i t i o n a l  l i m i t s  w i l l  be reached. 
There a r e  d i ecu r red  l a t e r .  
It is apparent from t h i s  t h a t  a s  
By r a w r i t i n g  equat ion (11) f o r  t he  c r i t i c a l  p r e s s u r e ,  i t  is seen 
tha t 
I 4 dS 
8, b b i n r o n ,  C.F., and Hall, L.G., Qmrll Ganeral PurDoee Cycloidal-  
p O C U B i r \ e  
J u l y  1956 
SD r c t rome te r ,  Rev. Sci.  I n r t . ,  Vol 27, No. 7, 
13 
4 
Since d = K3 and from (10) w e  can e s t a b l i s h  R i n  r e l a t i o n s h i p  t o  
~ 
R 
gas flow, then 
% 
193.6 X 104a 
K1 'a 'a ps% (y.") "e lM 
o r  
193.6 X 104a k 
P +  S = 4s ( K I Q  'r 3K3x 
Solving f o r  t h e  e x t r a c t i o n  p o t e n t i a l ,  V r ,  g ives  
f o r  large d i f f e r e n t i a l  pumping r a t i o s .  
Consequently, t h e  t o t a l  i o n  c u r r e n t  t r ansmi t t ed  from t h e  source can 
be w r i t t e n  
14 
4 193.6 X 10 Q 
which rhowr t h a t  t he  t r ansmi t t ed  ion  c u r r e n t  i nc reases  l i n e a r l y  
with the 3/2  power of the ion  iource pres su re  when governed by the 
apace charge effect8 wi th in  the ion iz ing  region.  
Since the  repeller p o t e n t i a l ,  V r ,  was shown t o  inc rease  l i n e a r l y  
wi th  the i o n  source pressure i n  equation (16),  from the r e l a t i o n s h i p  
I- J- wt ( l o6 ) ,  
iv "r 
and l e t t i n g  
t - = K4 R 
the  e l e c t r o n  c u r r e n t  dens i ty  may be increased t o  hold iv cons tan t  and 
a d d i t i o n a l  i on  c u r r e n t  a s  
Here the e l e c t r o n  c u r r e n t  d e n s i t y  must i nc rease  wi th  the square of the 
i o n  source pressure.  
It  i a  reen t h a t  we now have some r e l a t i v e l y  simple r e l a t i o n s h i p s ,  
t r a c t i n g  only the primary v a r i a b l e s  
Ex- 
Thr intrrprrtrtion of thrrr r q u r t i o n r  i r  r r  f o ~ l o w r :  
15 
1. With given parameters of e l e c t r o n  energy,  gas  spec ie s  a d  
r e l a t i v e  dimensions of the  system i t  i s  des i r ed  t o  d e t e r -  
mine the  maximum ion  c u r r e n t  ou tput  a s  i o n  source pressure  
(P,) is changed. 
2 .  The maximum i o n  c u r r e n t  ou tput  i s  governed by space charge 
l i m i t a t i o n s  which i n  t u r n  c r e a t e  non- l inea r i ty  of i on  c u r r e n t  
t ransmi t ted .  I n  c e r t a i n  s p e c i f i c  i on  sources  where non- 
l i n e a r i t y  has been measured a s  a func t ion  of a c c u r a t e l y  
measured ion  source pressure  and e l e c t r o n  c u r r e n t ,  the  
r e s u l t s  can  be placed i n  the con tex t  of Brubaker 's  " i n f i n i t e "  
source equat ions.  By maintaining h i s  r e l a t i v e  parameters,  
(x and i ), cots t a n t  and t h e  same r e l a t i v e  dimensions, then 
Ps, J- and the  abso lu te  dimensions may be sca l ed  wi th  no 
change i n  the  degree of non- l inea r i ty .  
V 
is then  c o n t r o l l e d  by the  v a r i a -  , 3. The ope ra t ing  p res su re ,  
t i o n  of R and the  dimensions that  a r e  t i e d  t o  i t .  
be increased  i n  proport ion t o  P . By the  inc rease  i n  V J 
can  a l e o  be increased ,  thereby c o n t r i b u t i n g  t o  improved 
r e n e i t i v i t y  ( in  s p i t e  of the  decrease  i n  a rea  f o r  e l e c t r o n  
rnd i o n  t ransmiss ion) .  
Vr can then  - 
8 r '  
4. 'Ihe n e t  r e c u l t  of theee changes is an  inc rease  i n  maximum ion  
current 8 8  the  ion  eource shr ink8  i n  s i t e  and preesure is 
i nc re r r ed .  
5 .  The gar flow (Q) a ccep t rb l e  by t h e  pumping system a l s o  governs 
t h e  aource conductance and t h e  va lue  of R. Conrequently,  t h i s  
"independent" c o n t r o l  of the  area f o r  t r an rmi r r ion  a l lows  a n  
I .  
i nc rease  i n  i o n  cu r ren t .  
pumping capac i ty  cannot ,  however, cont inue i n d e f i n i t e l y ,  
s i n c e  even tua l ly  t h e  ion  aper ture  w i l l  exceed the maximum 
o b j e c t  s i z e  acceptab le  by the analyzer .  
The process of increas ing  the  
The fol lowing th ree  condi t ions  which a r e  not  imposed upon the  source by 
the  preceding equat ions  and which p l ace  upper l i m i t  r e s t r i c t i o n s  upon 
the  v a r i a b l e s  thus d e a l t  wi th  a r e :  
1. The maximum ion  cu r ren t  which can be passed through the  ion 
e x i t  a p e r t u r e  due t o  space charge. 
2 .  The maximum e l e c t r o n  cu r ren t  which can be t ransmi t ted  through 
the  e l e c t r o n  en t rance  ape r tu re  due t o  space charge of the  
beam. 
3,  The r e p e l l e r  p o t e n t i a l  approaches the reg ion  where vo l t age  
breakdown can occur f o r  a corresponding pressure  and d i s t ance  
d ,  because the  r ad ius  of t h e  ape r tu re s  a r e  inve r se ly  propor- 
t i o n a l  t o  the  square roo t  of the source p re s su re ,  and the  
r e p e l l e r  p o t e n t i a l  increases  l i n e a r l y  with the source pressure .  
The maximum ion  c u r r e n t  which can be paeeed through an a p e r t u r e  i s  given 
by Spangenberg as: 9 
(9) Spangenberg, K, Re, Vacuum Tuber, McGraw-Hill, New York 1948 
pp. 440-448. 
17 
Subs t i t u t ion  f o r  V and R leads t o  t h e  equat ion  r 
18 
which shows t h a t  the  space charge l i m i t a t i o n  of t he  maximum ion  
cu r ren t  which can be passed through an ape r tu re  a l s o  inc reases  
l i n e a r l y  wi th  the  3/2 power of the  source pressure.  
From (17) and (20) the  r a t i o  
A=r- 3n x (iv x )  K ~ K ~  
We+ 
3 
1 /2 I+ ) t u n  5 . 5  x 
K12 
s c  max 
which, fo r  prel iminary va lues  iv = 3.8, x - .32, K2 - .125, Kg = .925, 
K1 = l o ,  a = . 5 ,  Vel = 100 i s  .102, thus i n d i c a t i n g  t h a t  cons iderable  
margin e x i s t s  t o  t ransmi t  t h e  producable cu r ren t .  
Spangenberg 
cu r ren t  which can be passed through an ape r tu re  where a s t rong  a x i a l  
magnetic f i e l d  l e  ueed t o  prevent beam epreadlng. By increae ing  t h e  
c u r r e n t ,  the  p o t e n t i a l  a t  the beam center drope below the p o t e n t i a l  of 
edge, eruring a p o t e n t i a l  d i f f e rence  which becomer l a rge  enough eo t h a t  
the beam i r  blocked by th rpace charge.  For a beam completely f i l l i n g  
the  a p r r t u r e ,  t h i r  a f f e c t  l a  reached ruch when 
a l e o  g ives  the  r e l a t i o n e h i p  f o r  t he  maximum e l e c t r o n  
I 
ff 
- 
= 1.025 (Vu max [I - 'FIL I 
where 
Vu = p o t e n t i a l  of 
t he  e l e c t r o n  
'FIL = p o t e n t i a l  of 
are  emit ted.  
I t  i s  i n t e r e s t i n g  t o  no te  t h a t  
t h e  e l e c t r o n  a c c e l e r a t o r  i n  which 
entrance a p e r t u r e  i s  loca ted  
t h e  f i lament  from which the  e l e c t r o n s  
the  e l e c t r o n  c u r r e n t  passing through t h e  
a p e r t u r e  i s  thus  independent of t h e  a p e r t u r e  dimensions and s o l e l y  
dependent upon t h e  energy of the e l e c t r o n s ,  when confined by a magnetic 
f i e l d .  This means t h a t  the  e l e c t r o n  c u r r e n t  d e n s i t y ,  J , wi th in  t h e  
i o n i z i n g  r eg ion  can  be increased without l i m i t  by inc reas ing  t h e  
a c c e l e r a t i n g  p o t e n t i a l  f o r  t h e  e l ec t rons .  The minimum a c c e l e r a t i n g  
p o t e n t i a l  can  then be found by equat ing t h i s  maximum c u r r e n t  wi th  t h e  
c u r r e n t  necessary t o  produce the e l e c t r o n  c u r r e n t  d e n s i t y  a s  requi red  
by equat ion  (18). This i s  found t o  be 
- 
2/3 
L\VJ,in - 9.84 X (i,) 2/3 (22) 
whore 
AV Vu - VEIL ( the  e l ec t ron  energy upon reaching  the  e l e c t r o n  
en t rance  ape r tu re ) .  
19 
The l a s t  l i m i t a t i o n  involves  the  approach toward vol tage  breakdown 
due t o  decreasing the r e p e l l e r - a c c e l e r a t o r  d i s t a n c e ,  d ,  while  i nc reas -  
l ng  the p re s su re ,  
vol tage breakdown a t  low p res su res  i s  given i n  Figure 2 .  It i l l u s t r a t e s  
t h a t  the r e p e l l e r  p o t e n t i a l  must be 
and the r e p e l l e r  p o t e n t i a l ,  Vr. A p l o t  of t he  
c 
where t h e  func t ion ,  f ,  i s  expressed by the curve i n  F igure  2 .  
The maximum pressure  t o  which the  ion  source w i l l  have a l i n e a r  ou tput  
i s  thus dependent on ly  upon a set of c o n s t a n t s ,  s i n c e  the  space charge 
l i m i t a t i o n  of the  maximum c u r r e n t  which can be passed through an  
ape r tu re  imposes an upper l i m i t  upon t h i s  pressure .  Voltage breakdown 
can a l s o  l i m i t  t h i s  maximum pressure  depending upon the  s c a l i n g  
f a c t o r ,  K which i s  chosen. However, t h e  e l e c t r o n  c u r r e n t  d e n s i t y  can 
e a s i l y  be obtained t o  c r e a t e  t h e  necessary i o n i z a t i o n  by inc reas ing  
t h e  energy of the  e l e c t r o n s  a t  the  en t rance  a p e r t u r e ,  but  t h i s  causes  
per turba t ions  of the i o n  e x t r a c t i o n  f i e l d  due to  the  p o t e n t i a l s  placed 
upon the r ide  e l ec t rodes  of the i o n i t s t i o n  chamber. 
3' 
A magnet ical ly  a l igned  e l e c t r o n  berm prB8ing rcrorm an  e l e c t r i c  f i e l d  
i r  bent perpendicular  s r thsOonr l  t o  the  c ro r red  f i e l d r .  T h i n  e f f e c t  
rerultr  i n  a r i d e  dirplrcement  of the  berm, and an  i n c r e r r e  i n  the  
berm thickness due t o  the c y e l a i d r l  hopping whieh c r e r t a r  the  r i d e  
dirplreoment. 'Fks Bideward dirplrcernant of the  berm can be axprerred 
$Y 
20 
i 
d 
si e w c w 
X 
I 
s * Y 
U n. 
3 Y 
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Y 
# 
51 
v) 
II 
0. 
21 
but E is j u s t  t he  r e p e l l e r  p o t e n t i a l  divided by the d i s t a n c e ,  d ,  so 
t h a t  
r 
(24 1 K1 3/2 E r = K  3 (")' 3K3 x (;lM)( 193.6 X 10 4)' P s 
and consequently 
Kg t a n O =  - 
e z  v B  
The thickness of t he  e l e c t r o n  beam is r e l a t e d  t o  the ion  energy spread 
by t h e  re l a  t ionsh ip  
I 
'"ion - E r t  
where t '  - thickness  of t he  e l e c t r o n  beam and t '  is c a l c u l a t e d  a s  
2m 
where K = 3 
S Q  
Therefore the energy rpread of t h e  ion bcem io given by 
22 
b 
h 1 
193.6 X 10 a 
ps 'J 
S 
This shows t h a t  when P i s  very very smal l ,  t he  ion  energy spread 
inc reases ,  approximately l i n e a r l y  w i t h  the  ion  source  p re s su re ,  
however, when P becomes r e l a t i v e l y  large,  t he  spread then increases  
w i t h  t h e  cube of the  p r e s s u r e .  However, i t  i s  apparent  t h a t  the s t rong-  
er t h a t  t h e  magnetic f i e l d  is, t h e  sho r t e r  i s  the c y c l o i d a l  hop he igh t ,  
and the c l o s e r  t h e  beam thickness  approaches the  h e i g h t ,  t ,  of t he  
e l e c t r o n  en t rance  ape r tu re .  
8 
s 
A magnetic f i e l d ,  used t o  a l i g n  and cons t r a in  the  ion iz ing  e l e c t r o n  
beam, a l r o  c rea t e8  mass d iscr imina t ing  d e f l e c t i o n s  of t h e  ion  beam 
generated by t h e  rource ,  and t h e  amount of  the d e f l e c t i o n  occurr ing  
i r  mar8 dependent, i r e . ,  the  de f l ec t ions  a r e  p ropor t iona l  t o  tk 
moleculrr weight of t he  ion  spec ie r .  
ryrtem c o o r d i n r t e r ,  t h e  fo rce  equations a r e  such t h r t  
Referr ing t o  F igure  3 f o r  the  
23 
Figure 3. 
It is then assumed t h a t  x is n e g l i g i b l e  i n  the s h o r t  paths  t h a t  a r e  
considered of i n  teres t . Thus, i n t e g r a  t i o n  g ives  
Mt q Er t + M i o  (t is t i m e  i n  sec) (28) 
Three equation8 then g ive  the  x and y d i r e c t i o n a l  v e l o c i t i e s  as a 
funct ion of time. I n t e g r a t i n g  aga in  on 9 g ives  the  y d i r e c t i o n a l  
p o r i t i o n  a#  
q Er t2 
M Y  = 2 + M f 0 t + M Y O  
Howrvrr, t h e  i n i t i a l  v r l o c i t y ,  Po, and t h r  i n i t i a l  p o r i t i o n ,  yo, 
arr arrumrd t o  br  mro, 80 t h a t  t h r  i on  bram drf  l r c t i o n  atqla,  9 ,  
can bo writtrn a8 
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Solving equat ion ( 2 9 )  f o r  t h e  time, t ,  and s u b s t i t u t i n g  i n t o  equat ion (30) 
g ives  t h e  expression 1. 
t a n  - Be 
The d i s t a n c e ,  y ,  however, i s  approximately equal t o  one h a l f  t he  d i s t a n c e  
from t h e  r e p e l l e r  t o  t h e  f i r s t  s l i t  
Q ad max 
S u b s t i t u t i n g  f o r  y and Er show t h a t  the angle  4 i s  
The ang le  9 of d e f l e c t i o n  thus  decreases l i n e a r l y  wi th  t h e  ion source pres- 
su re .  The amount of d e f l e c t i o n  i s  given by 
However, rince t a n  9 - dx/dy, solving equat ion (31) f o r  dx g ives  
Again, r u b r t i t u t i n a  tor Br and y ~ i v e o  t h e  rxp re r r ion ,  
YPrci f ie  ValU88 
The previour rqurtionr denote the  prrametarr of importance and t h e i r  i n t e r -  
r e l a t i o n r h i p r  ur ing t h e  rpecif i r d  arrumptionr.  
p l o t t e d  veraua p r a r r u r r  f o r  a ret  of i n i t i a l  r c r l i n g  f a c t o r s ,  
These parameters then can be 
25 
The values obtained a r e  t h e  maximum numbers which optimize the  parameters 
t o  an  ion source maximum pres su re .  
cu r ren t  t r ansmi t t ed  inc reases  with t h e  3/2 power of t h e  maximum pres su re ,  
due t o  an inc rease  i n  V 
t he  maximum, the  ion  cu r ren t  t r ansmi t t ed  w i l l  decrease l i n e a r l y  with the  
pressure a s  t h e  o the r  v a r i a b l e s  a r e  held cons t an t ,  
s c a l e  f a c t o r s  f o r  t h e  a p e r t u r e  r a d i u s  and l eng th  r a t i o  g ives  
For example, while t h e  maximum ion 
and J - ,  a s  the  source p re s su re  is reduced from r 
Choosing a set of 
K1 - 10 and a = .74 
For Sa = 10-1 l i t e r s / s e c ,  and Pa I max = t o r r ,  or 
Q = 1 x torr-liters 
sec 
then  
R = .264 x lom5 Ps -’ meters 
= 10.39 x Ps-’ inches 
The width of the  e l e c t r o n  beam, w,  i s  then picked t o  be 8R so t h a t  t h e  
beam walking w i l l  s t i l l  allow the  c e n t e r i n g  of t h e  beam over t h e  ion e x i t  
ape r tu re .  
Thus 
K2 - ,125 
Choosing the  length t o  thickness  r a t i o  of t h e  e l e c t r o n  entrance a p e r t u r e  
such tha t  
L2 - - 5  t 
then  
t - ,216 R o r  K4 .I ,216 
and l e t t i n g  d - 5t  
d - 1.091 R or K3 = .925  
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The i o n i z i n g  p r o b a b i l i t y  of a i r  i s  given a s  
s = lo3 amps (I+)/amp (1-1 - meter - t o r r  
f o r  e l e c t r o n  ene rg ie s  of V = 70 V. 
Plac ing  t h e  c e n t e r  of t h e  e l e c t r o n  beam a t  a d i s t a n c e  equal  to one ha l f  t h e  
r e p e l l e r  d i s t a n c e  s e t s  
e l  
a = . 5 ,  
and t o  o b t a i n  a non- l inea r i ty  of 3% or  less corresponds t o  
x = . 3 2  and iv = 3 . 8  
For t h e s e  s c a l i n g  f a c t o r s ,  and choosing a worst case mass of m/e 44, t he  
fol lowing r e l a t i o n s h i p s  a r e  der ived:  
'r = 398 Ps ( v o l t s )  
'1 = 1.570 x I T  max 
J-1 max = 1.252 x 
- 1.540 ~ s c  I t un  + 
M X  
p 3 /2  (amps) 
8 
lo8 pS2 (amps/meter 2 
x pS 3 / 2  (amps) 
2 /3  ( v o l t s )  
3'2 (volts/meter) = 139.2 x 10 PB 6 
3 P 
'r d x  
Y 
312 tan 8 = 28.1 (P,) 
-1 
t an  9 I 
4 
The@@ paramet@ts a m  plotted v e r i u ~  the maximum ion ~ o u r c e  prcrsure i n  
Figure@ 4, 3 ,  6 ,  7 ,  rnd 8 ,  
It  murt be real ized,  however, that theee curves are v a l i d  only f o r  the s e t  
of m a l e  factorr chorren, and while the elope w i l l  not change with t h e  
rcal ing ,  the rbrolute veluee will, 
(for hrlium, m/e 4 )  = 1.165 x lom3 Bz PI 
t M X  
1,106 x lom9 BE PI 13/2 (for helium, m/e 4 )  (mctcre) 
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10-3 10’2 10-1 1 
Ps I MAX (ton) 11- 1341 
FIGURE 5 
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30 
a = .5 
x = .32 
i, = 3.8 
m/e = 44 
70 v .  
ton 
0.1 literdsec 
1 
0 
d 
0 
d 
31 
32 
K1 = 10 
K2 = .125 
Kq = .216 
K3 = .925 
a = .5 
x = .32 
i, = 3.8 
m/e = 4 
Ve, = 70v. 
pal = lom5 torr 
Sa = 0.1 liters/sec 
Gas C o l l i s i o n  L i m i t s  
For a designed value of maximum i o n  source p re s su re ,  an  e l e c t r o n  cu r ren t  
d e n s i t y ,  J-, i s  then s p e c i f i e d .  The mean f r e e  path of t h e  e l e c t r o n s  can 
be expressed by 
Xe - 4 (2)' A 
(37) 
where A i s  the  mean f r e e  path of t h e  gas molecules. For an a i r  sample, 
or 
E 
4 . 8 6  
a (met e r s ) (38) A r 
S 
and A,  = 27.5 x 10-5/Ps (meters) (39) 
Both h e  and A a r e  p l o t t e d  i n  Figure 9 .  
It i s  d e s i r a b l e  i n  most i on  sources t o  f i x  the e l e c t r o n  c u r r e n t  dens i ty  by 
keeping t h e  e l e c t r o n  c u r r e n t  passing through the  i o n i z i n g  region cons t an t ,  
I n  order  t o  ob ta in  r e g u l a t i o n ,  it m u s t  then be necessary t o  keep the  c o l l i s i o n  
p r o b a b i l i t y  of t h e  e l e c t r o n s  t o  a minimum. Assuming a c o l l i s i o n  p r o b a b i l i t y  
of 1%, from Lambert 's law, 
- I- - e  -L/A, - .99 
IO 
(meter s ) 2.74  x L -  
pS 
where L i s  the  l eng th  of t he  e l e c t r o n  path required t o  o b t a i n  99% t ransmission 
of t he  e l e c t r o n  beam. 
L is a l s o  p l o t t e d  versus the maximum ion source pressure i n  Figure 9 .  
t h i s  curve,  I t  becomes apparent t h a t  for  high p res su res  i n  the  source,  regula-  
t i o n  of t h e  e l e c t r o n  current by co l l ec t ion  i n  t h e  i o n i z i n g  r eg ion  implies  very 
sho r t  e lectron path l eng ths ,  and consequently very sho r t  i o n i z i n g  regions.  
Another governing f a c t o r  which follows from t h i s  d i scuss ion  is t h e  path length 
of the ions  formed a t  the high pressure l e v e l s .  
law, It  l r  seen t h a t  
From 
Again r e v e r t i n g  t o  Lambert 's 
33 
d -4 
(v 
I 
0 
I 
1 
34 
i N = N o e  - PIX 
c 
where 
= number of ions formed 
N O  
N = number of ions t ransmit ted 
6 = path length of t he  ion 
= mean f r e e  path of t h e  ion  h i  
Again, f o r  99% transmission of t h e  ions formed 
The mean f r e e  path of ions i s  given by 
Consequently i t  i s  then seen t h a t  
(meters) 8 = 6.84 x 
pS 
These two v a r i a b l e s  a r e  p l o t t e d  versus  t h e  maximum ion source pressure i n  
Figure 10. 
This  curve shows t h a t  f o r  high pressures wi th in  t h e  i o n i z i n g  region,  the 
path l eng th  f o r  t he  ions  t o  t r a v e l  through the  high pressure region m u s t  
become extremely s h o r t .  Otherwise t h e  output ion c u r r e n t  w i l l  vary w i t h  t he  
p re s su re  not  only due t o  the ions formed i n  the e l e c t r o n  beam, but a l s o  
due t o  the  change i n  the path length,  B ,  of the ion beam lowering t h e  per- 
centage of ions capable of being t ransmit ted.  
Design of the  Test  Model 
Using the r e l a t i o n s h i p s  derived i n  the foregoing s e c t i o n ,  a t e s t  model of 
a magnetic ion  source capable of pressures  up t o  10 t o r r  was evaluated.  
From a manufacturing viewpoint, s i z e  l imi t a t ions  are  placed upon the 
source,  however, from the  curves,  an idea of t h e  r e l a t i v e  s i z e s  of t he  
parameters can be obtained,  
-1 
35 
I 
d 4
4 
0 
l4 
0 
l4 
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-1 Thus, from the  f i g u r e s  f o r  a P I 
s c a l i n g  assumed, the  fol lowing parameters a r e  given: 
= 10 t o r r ,  with the  cons t an t s  fo r  s max 
R 8.35 x meters 
= 38.9 v o l t s  
= 1.25  x 10 amps/cm 
Vr I max 
J - I  max 6 2 
= 6.8 x amps 41 max 
= 6.8 X amps 
AV = 2 . 8  v o l t s  
Er = 4.4 x 10 
inin 
6 2 amps/meter 
= 228.94 v o l t s  (B 
= 891.9 v o l t s  (Bz = 5,000 gauss) 
= 22108 v o l t s  (B = 1,000 gauss) 
= 88408 v o l t s  (Bz = 500 gauss) 
t a n  6 = .898 ( B  = 10,000 gauss) 
= 1.78 (B2 = 5,000 gauss) 
= 8.98 (Bz = 1,000 gauss) 
= 17.8 (B2  = 500 gauss) 
= 10,000 gauss) "ion Z 
z 
2 
= .012 (B2 = 10,000 gauss) 
= .006(B = 5,000 gauss) 
= .0012(Bz = 1,000 gauss) 
= . 0 0 0 6 ( ~ =  = 500 gauss)  
z 
Flow Time Constant 
The t i m e  cons tan t ,  'f , assoc ia ted  with an ion source i s  def ined by the expres- 
s ion 7 - v& 
1 -  
or 
vs ps vs ps 
pa sa Q 
f =- = 
B u t  i t  i s  seen t h a t  t he  volume can  be wr i t t en  a s  
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Assuming t h e  width 
entrance a p e r t u r e ,  
then  the volume i s  
of the  source t o  be fou r  t imes the  width of the e l e c t r o n  
and f o r  99% transmission of t h e  e l e c t r o n  beam 
er L, 
expre s sed  by 
- 2  ) ps =( 10.96 X l o - ' ) (  K1 4 
"S K2K3 193.6 X 1 0 a  
The time cons tan t  i s  then shown t o  be 
( 1 )(l0.96 X lo-?( K1 ) Ps -1 
4 T I  Q K2K3 193.6 X 10a 
6 = 3 . 5  x los8 meters ( B ~  = 10,000 gauss) 
= 1.75  x 10" meters (Bz - 5,000 gauss)  
= 3.5 x meters (Bz 1,000 gauss)  
= 1.75 x lo-' meters (Bz = 500 gauss)  
A = 2.75 x meters 
hair = 4.86 x 10 meters 
= 6.87 x lom4 meters 
e 
-4 
L = 2.74 )I meters ( f o r  99% t ransmiss ion)  
A I  
6 = 6.84 x meters (for 99% transmission)  
From the s c a l i n g  f a c t o r s ,  t he  dimensions of t he  source a r e  then ca l cu la t ed  
t o  be 
t 
w 
.I 1.80 x lom6 meters 
I 6.68 x 10' meters  
I 8 . 3 5  x loo5  meters 
= 9.01 x loo6  meters 
I 9.03 x 10' meters  
ad 4.52 x lom6 meters  
L 
L 2  
d 
The lenOth of t h r  i on iz ing  reg ion  should be no  longer then  the  requi red  
path length t o  obta in  the  t ransmission of t h e  e l e c t r o n  beam, o r  
I 2.74 x l oo5  meters 1 L 
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which then g ives  a t i m e  constant  of 
e 
7 = .0066 second 
I It i s  c l e a r  t h a t  f o r  t he  t h e o r e t i c a l  bas i s  of t he  design,  t he  one parameter 
which i s  un rea l i zab le  i s  the c r e a t i o n  of t he  extremely high energy spreads 
of t h e  ions  a t  high pressures .  It is possible ,  however, t o  e l e imina te  the 
c y c l o i d a l  hopping of t he  e l e c t r o n  beam and t h e  walking a n g l e $ ,  by the  use 
of a c r o s s  magnetic f i e l d  appl ied only i n  t h e  region of crossed E f i e l d .  
Reverting back t o  the  equat ions f o r  t h e  e l e c t r o n  motion ( 2 7 )  and (28), the  
magnetic f i e l d  can then be expressed by 
B = jB + kBZ 
Y 
and thus  
.-(:) - (F) + (q) Er 
Making t h e  s u b s t i t u t i o n s  
( 4 3 )  
and i n t e g r a t i o n  gives  
e 
0 
2 - W  x + : 
Y 
where goand ;,are t h e  i n i t i a l  v e l o c i t i e s  along t h e  r e s p e c t i v e  axes.  Sub- 
s t i t u t i n g  t o  f i n d  t h e  x-axis  acce le ra t ion  gives  
@e 2 2 
+L Er 
e 
We x+(y:  so - w  X ' W  k 
Y o  m Y 
X I -  
e q a 2 2 
+ w e  I +  - Er + we yo - 0 e - x (Wy 
m Y O  e 
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The so lu t ion  t o  t h i s  d i f f e r e n t i a l  equat ion i s  given by 
x = [ x o - ( '  E + w z Y o  0 ,, w t  ) / - 0 k m r  e 
0 
e 
The y and z d i r e c t i o n a l  v e l o c i t i e s  a r e  then 
= -wz bo + (  e E +az yo -0 z )/ w 2 ]  cos ut 
m r Y O  e 
-- (:' ") s i n a t  -(% Er + az ;o - w :0)0z/a2 + ? 
m Y e 
0 z = o  [x0-(% E + a z y o  0 - a  
m r Y O  Y e 
0 
0 XCLJ +(e) s i n o t  + + E r +az yo - 0  Y O  >o Y / 2 + go 
e 
where the s u b s t i t u t i o n  has  been made t h a t  
( 4 3 )  
( 4 4 )  
( 4 5 )  
0 2 - ($ +$) 
I f  a cross  magnetic f i e l d  i s  used, t h e  e f f e c t s  of t h e  e x t r a c t i o n  f i e l d ,  
can be reduced by s e t t i n g .  
s 
e e = o  m Er -3 o e 
where 
The B f i e l d  i r  thur  
Y 
Er B = -  e 
0 Y 
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and t h e  equat ions  of motion become 
x (xo -uya;o ) c o m t  +(+) s ino t  + az i o  
2 a 
This  shows t h a t  u t i l i z a t i o n  of a c r o s s  magnetic f i e l d ,  B 
a balancing f o r c e  a g a i n s t  t h e  e l e c t r o s t a t i c  ion  e x t r a c t i o n  f i e l d  which w i l l  
e l imina te  t h e  cyc lo ida l  hopping of t h e  e l ec t ron  beam. With t h i s  f i e l d ,  t h e  
ion energy spread,  L\Vion,  reduces t o  
w i l l  accomplish 
Y '  
(51) - E  t "ion r 
and t h e  walking angle ,  8 ,  i s  reduced t o  zero.  
some y - d i r e c t i o n a l  e l e c t r o n  beam spreading due t o  t h e  i n i t i a l  v e l o c i t y  a long 
t h i s  a x i s ,  which cannot be avoided. 
t he  c r o s s  magnetic f i e l d  g ives  
However, t h e r e  w i l l  e x i s t  
Evaluat ing the  ion  energy spread wi th  
n 
end thus  a t  10-l t o r r  using the  s c a l i n g  f a c t o r s ,  
&Iion 7 9 . 5  Ps 
7 . 9 5  V o l t 6  
For t h e  rceling factors  previously w e d ,  If a cros6 magnetic f i e l d  i s  de- 
s i r ed ,  i t  i a  man that  
4 1  
o r  
31 2 B = 28.0 Ps 
Y 
A t  1 O - l  t o r r ,  t h i s  then becomes 
2 B = .885 webers/meter 
Y 
= 8850 gauss 
This f i e l d  w i l l  a l s o  c o n t r i b u t e  a d i s c r i m i n a t i n g  d e f l e c t i o n  upon t h e  mass 
t o  charge r a t i o s  formed wi th in  t h e  source,  g iv ing  a d i sc r imina t ing  angle  
$'and a d e f l e c t i o n  4'. A t  10" t o r r ,  t hese  a r e  
-1 t a n  @' = 1.165 x B P 
Y S  
= 1.031 x ( f o r  helium, m / e  4) 
-31 2 and d '  = 1.106 x lo-' B P 
Y S  - 3.10 x meters ( f o r  helium, m/e 4) 
These a d d i t i o n a l  and modified parameters f o r  t h e  use of t h e  c r o s s  magnetic 
f i e l d  a r e  p l o t t e d  versus  Ps)max 
The p r a c t i c a l i t y  of manufacturing an ion  source to  such small  dimensions 
thus  becomes t h e  l i m i t i n g  f a c t o r  f o r  b u i l d i n g  t h e  t e s t  model, and e s p e c i a l l y  
ob ta in ing  t h e  requirements f o r  t h e  flow r e s t r i c t i n g  a p e r t u r e s ,  A t  t he  time 
i t  was decided t o  use two i d e n t i c a l  c i r c u l a r  apertures f o r  both the  ion  e x i t  
and e l e c t r o n  entrance t o  reduce the  complexity of such small p i eces .  
does,  however, c r e a t e  more of a s t r a i n  upon t h e  alignment wi th in  t h e  i o n i z -  
i ng  region i n  order  t o  keep t h e  e l e c t r o n  beam d i r e c t l y  above t h e  ion  e x i t  
aperture, While t h e  conductances of t h e  two a p e r t u r e s  remain equal ,  upon 
which the  foregoing equat ions were developed, t he  s c a l i n g  f a c t o r s  must  
n c c e r r a r i l y  be changed, Conrequently , 
i n  Figure 11. 
This  
t = 2R or K4 2 
w 2R or K2 m 5 
The aperture langth t o  diameter r a t i o  was picked a t  5,  f o r  mAnUfaCtUring 
purporer, and thu r  t h e  ape r tu re  dimensions can be s p e c i f i e d  from equat ion 
(10) f o r  the following assumed cons t an t s :  
42 
. for #/e 4 
l o m 2  P, (torr) 10-1 
K 1  = 10 a = 0 . 5  pa I = 10-5 torr 
K 2  = , 125  x = .32 S, = 0 . 1  liters/sec 
K4 = , 216  
Kg = . 925  
i v  = 3.8 
Ve, = 70v 
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= 1 x t o r r  'a I max 
'8 - 0.1 l i t e r s / s e c  
Thus, - 10 - 8.35 x log6 meters 
or R - 3.28 x log4 inches 
end L - 8.35 x 10" meters 
or L - 3.28 x log3 inches 
K1 
R 
For cons t ruc t ion ,  the  lower manufacturing l i m i t s  which were obte ineble  
from en outs ide  source, were 
R - 5.0 x log4 inches 
L = 5.0 x lom3 inches 
This  meant t h e t  e i t h e r  t h e  upper source pressure  l i m i t  must be reduced, 
or  t h e  ene lyrer  pressure 8llowed t o  increaae.  
then allowed t o  Increase,  g iv ing  - 2.31 x lo1' t o r r  
The ana lyzer  pressure  wee 
'8 I MLX 
f o r  Sa = 0.1 l i t e r e / r e c  , K1 - 10, and PI I ~x - loo1 t o r r ,  From these  
v8lue8, t he  r e m i n i n g  dimenrionr can be set f o r t h .  
I n  order  t o  obta in  a r c e l i n g  f a c t o r  f o r  t h e  r e p e l l e r  9 a c c e l e r a t o r  d i s t ance ,  
d ,  i t  i s  necerrary t o  examine the  m a n  f r e e  path of t h e  I o n s  formed. 
I s  than rean t h a t  t o  obta in  99% of t h e  t r an rmi t t ab le  ions formed i n  the  
e l e c t r o n  beam through t h e  a c c e l e r a t o r  a p e r t u r e  t h a t  t h e  d i r t a n c e  from the  
beam t o  the r c c e l e r a t o r ,  ad, murt be 
It 
a d 5  f l  - 6.84 x 10" m t e r r  - 2.69 x lom4 incher  
44 
Thus, assuming t h e  ion iz ing  e l e c t r o n  beam t o  be placed midway between t h e  
r e p e l l e r  and a c c e l e r a t o r ,  o r  a = .5,  then t h e  d i s t a n c e  d i s  found a s  
I d 4 2 / 3 1  1 . 3 6 8 ~ 1 0 - ~  meters 
= 5.38 x inches 
Under t h e s e  cond i t ions ,  f o r  t he  a p e r t u r e  s i z e  assumptions, it i s  seen t h a t  
t he  e l e c t r o n  beam m u s t  be th i cke r  than the he igh t  through which it must  
pass .  Thus f o r  t h e  two equal s i zed  ape r tu re s ,  t o  a l low t h e  5/d r a t i o  t o  
decrease,  i t  is seen t h a t  an apprec i ab le  l o s s  of i on  c u r r e n t  w i l l  take place 
due t o  a decrease i n  t h e  t r a n s m i t t a b l e  ion c u r r e n t  formed. I n  t h e  t es t  
model produced, t h e  d i s t a n c e ,  d,  was set  a t  .015 inches,  which corresponds 
t o  an  ad = ,0075 inches,  and a t  10-1 t o r r  g ives  
N - = 75.8X 
-1 NO The ion  c u r r e n t  output ve r sus  t h e  ion source p re s su re  f o r  a P I - 10 s max 
~ 
t o r r  w i l l  look a s  i l l u s t r a t e d  i n  Figure 12. This  curve shows t h e  non- 
l i n e a r i t y  i n  t h e  ion  source output caused by an  inc rease  i n  the  c o l l i s i o n  
frequency of t h e  ions  with t h e  gas due t o  t h e  shortening of the ion mean 
f r e e  pa th  wi th  p re s su re ,  f o r  a c o n s t a n t @  equa l  t o  .0075 inch. 
I It was a l s o  decided t h a t  r e g u l a t i o n  of the i o n i z i n g  e l e c t r o n  cu r ren t  be 
c o n t r o l l e d  by t h e  t o t a l  emission, t hus  not having t h e  n e c e s s i t y  of 
b 
I shorten-  
i ng  the  l eng th  of t h e  ion iz ing  region t o  such extremely s h o r t  spacings i n  
the t es t  model, As designed,the maximum pa th  l eng th ,  L, of t h e  e l e c t r o n s  
was set a t  ,075 inches,  
c a l c u l a t e d  t o  be 
The e l e c t r o n  transmission a t  lo-' t o r r  i s  then 
I 
50.0% 
IO 
rnd tho  r l rc t ron  c u r r a n t  t r an rmi t t ed  t o  the  anode versus ion  source p re s su re  
= lom1 torr and L ,075 inchee i r  i l l u s t r a t e d  i n  Figure 13. for ' pr(mrx 
~w 
The r c r l i n g  f a c t o r ,  Kgl urad i n  tha t e a t  model war thur  
K3 = 3 . 3 3  x 10" 
4 5  
1 
t 
T- 
46 
. 
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It must be s t a t e d  t h a t  p r i o r  t o  t h e  w r i t i n g  of t h i s  r e p o r t ,  many of t h e  
i n t e r r e l a t i o n s  developed i n  t h e  parameter cons ide ra t ion  s e c t i o n  had not  
been accomplished. Due t o  a personnel  change a f t e r  t h e  hardware had been 
f ab r i ca t ed ,  t h e  presented techniques f o r  eva lua t ion  were developed. Con- 
sequent ly ,  the  necessary va lues  of t h e  requi red  p o t e n t i a l s ,  c u r r e n t s ,  e t c . ,  
were not r igorous ly  worked ou t ,  but r a t h e r ,  va lues  f o r  t h e s e  v a r i a b l e s  
were assumed. 
Thus, an a s soc ia t ed  non- l inea r i ty  was chosen where x - 10, and i - .03. 
For these va lues  and s c a l i n g  f a c t o r s ,  t h e  va lues  of t h e  parameters of 10 
t o r r  become 
V -1 
= 72.4 v o l t s  
“I: 
I:I max 
J- = 5.44 X amps/meter and f o r  t h i s  case 
I = J r R  
I- I= 2 .172  X amps 
= 4.31 X lo” amps 
2 
- - 2  
+ tun - 1.190 x amps Isc l  max 
AV = . I713 v o l t  min 
5 = 1.90 X 10 vo l t s /me te r  Er 
A c r o s s  magnetic f i e l d  was designed t o  e l imina te  t h e  e l e c t r o n  beam walking 
ang le ,  and also t h e  inc rease  i n  t h e  beam th ickness  due t o  t h e  cyc lo ida l  
hopping, Consequently, f o r  BZ - 4000 gauss;  i t  is seen t h a t  
B - ,03825 webers/meter* - 382.5 gauss  
tanCj- 0 
Y 
AVion - 4 . 8 2 5  volt6 
tm+-  1.456 ( f a r  M/e 4) 
rn , 7 4 2  X lom9 metere ( f o r  M/e 4) 
tan$: .1391 ( f o r  M/e 4) 
6’ = 7.08 X meters  ( f o r  M/e 4) 
. 
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A t  10" t o r r ,  t h e  ion iz ing  e l e c t r o n  cu r ren t ,  I - ,  necessary t o  produce t h e  
maximum t r a n s m i t t a b l e  cu r ren t  i s  seen t o  be 2.172 X 10 amperes, however 
t h e  amount reaching  t h e  anode of t h i s  pressure i s  50% of t h a t  en te r ing  t h e  
i o n i z i n g  r eg ion ,  s o  t h a t  an  expected cur ren t  maximum reaching the  anode 
would be 
v -6 
e 
I- = 1.086 X amperes an 
and the  t r ansmi t t ed  ion cu r ren t  would be 75.8% of t h e  t r ansmi t t ab le  ion  cur -  
r e n t  formed, or  
-!- I = 3.27 X lo-' amperes I o u t  max 
The ion  source as designed had an in t e rna l  volume capac i ty  of t he  ion iz ing  
reg ion  of 4.67 X cc ,  not including t h e  i n l e t  s a m p l e  l i n e  t o  the  source.  
The gas  conductance out of source i s  23 .1  X 10 cc /sec  so t h a t  t h e  time 
cons tan t  of the  source i s  ca l cu la t ed  t o  be 
-3 
T = 2 0 2  mi l l i seconds  
The magnetic ion  source was designed, a s  shown i n  F igure  14. The 
primary purpose i n  t h i s  design was t o  a t tempt  t o  r e a l i z e  the  above para-  
meters and t o  keep t h e  s i z e  of t h e  source wi th in  t h e  dimensions of t h e  
s p e c i a l i z e d  Mass Spectrometer Number 2a. Measurements of the  magnetic 
f i e l d s  of both the  a x i a l  and c ross  magnetic f i e l d s  were attempted with a 
Ha l l  e f f e c t  probe having a n  a c t i v e  a rea  of .030 inch by .060 inch.  Th i s  
probe was too  l a r g e  t o  make accu ra t e  measurements, however, rough e s t ima tes  
ind ica t ed  t h a t  t h e  a x i a l  f i e l d  was about 4000 gauss ,  wi th  t h e  t r ansve r se  
f i e l d  be ing  approximately 100 gauss.  
The u n i t  was assembled (see F igure  14) and placed i n  an ion  source t e s t i n g  
f i x t u r e  which had a sample i n l e t  system a t t ached  t o  the  i n l e t  tube leading  
t o  t h e  ion iza t ion  chamber, 
TEST RESULTS 
The t e s t i n g  of t h e  magnetic i o n  source was s e t  up i n  a three-phase program, 
i n  t h e  fol lowing order :  
1. E lec t ron  gun tuneup 
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2. Ion Current tuneup 
3 .  Parameter and c h a r a c t e r i s t i c  t e s t i n g ,  
The i n i t i a l  e l e c t r o n  focusing i n  the  e l ec t ron  gun and i o n i z i n g  region ap- 
peared t o  have a r e l a t i v e l y  high output of i on  c u r r e n t  f o r  what appeared 
t o  be a c o r r e c t  amount of e l e c t r o n  cur ren t  on t h e  anode i n  the  i o n i z a t i o n  
chamber. However, i t  was noted t h a t  ne i the r  t he  r e p e l l e r ,  a c c e l e r a t o r  or  
i on  focus e l e c t r o d e s  had any e f f e c t  upon t h e  ion  output ,  which remained 
constant  without regard t o  t h e  p o t e n t i a l s  app l i ed  t o  t h e s e  e l e c t r o d e s ,  
The only change observed i n  t h i s  ion cur ren t  appeared when the  sample 
p re s su re  was changed. This  i nd ica t ed  tha t  t he  i o n  c u r r e n t  was being formed 
ou t s ide  t h e  i o n i z i n g  r eg ion ,  and most probably i n  the  e l e c t r o n  gun a r e a ,  
w i t h  the  ions  being formed from t h e  background gas  i n s i d e  t h e  vacuum 
system. 
t h e  source ,  with t h e  except ion of the  nozzle a p e r t u r e ,  i n  order t o  s h i e l d  
t h e  c o l l e c t o r  from any ions  produced from the  background gas.  Further  
t e s t i n g  with t h e  s h i e l d  i n  place eliminated t h i s  ion  c u r r e n t .  
To e l imina te  t h i s  problem, a c y l i n d r i c a l  can was placed around 
With 0 . 5  microamperes of e l e c t r o n  cur ren t  reaching t h e  anode, no ion  c u r r e n t  
was produced by t h e  ion  source having an i o n i z a t i o n  chamber pressure of 
100 microns. The repel ler  p o t e n t i a l  a f f ec t ed  t h e  anode c u r r e n t ,  but t h e  
ion  a c c e l e r a t o r  had abso lu t e ly  no e f f e c t  a t  a l l .  It was then surmized 
t h a t  t h e  c u r r e n t  ieaching t h e  anode was fol lowing s t r a y  magnetic f i e l d  
l i n e s  o the r  t han  through t h e  i on iz ing  region, and y e t  passing c lose ly  t o  
the  r e p e l l e r  or wire lead connected t o  the  r e p e l l e r .  Th i s  indeed proved 
t o  1 ) ~  t he  case ,  sir.ce a f t e r  a box sh ie ld  was placed around the  e x t e r i o r  
opeii su r r acc  of t h e  anode ,  no cur ren t  c o u l d  reach the anode except by 
go ing  tlirougll t l i v  i o i i i z i n g  reg ion .  Test ing proved t h a t  with the sh i e ld  i n  
p l a c t ,  1,ntIi the. rc~p(~1 l e r  snd ion a( . r .e lerator  a f f e c t e d  the  anode cu r ren t .  
Milxi I I I ~ I I I ~  r i i i - r (~nt  o  t l i c  rriivde> wafi achir>vc.cl w i t h  t he  ion  a c c e l e r a t o r  having a 
nmrp p o s i t i v i -  p o ~ ( t n ~ I o l  t h a n  the r e p c l l e r ,  i n d i c a t i n g  t h a t  the  t r ansve r se  
i i i i ig i i~t  6 I ~ i c l  t l i o l i ~  p1)Ic lr l ty  rcvt~i-e.c~d. The p o l a r l t y  of t he  t r ansve r se  magnets 
it; uiiclc~fine~tl  i n  t 1 1 ~  ~ ~ 1 1 [ ~ ~ 1 1 a t i 0 1 1  f o r  t l i e j r  f j e l d  s t r P n g t h ,  and i t  was a n t i c i -  
p a t e d  t h a t  tl1c.y rnjght I W  rcsvc>rsrd. Reversing of t he  p o l a r i t y  of the  c ross  
magnetic f i e l d  a l l o w r ~ d  tuning LIP of t h e  e l e c t r o n  gun so  t h a t  the  maximum 
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e l e c t r o n  current  c o l l e c t e d  a t  t h e  anode was 0.1 microamperes out of a 
t o t a l  emission of 200 microamperes. 
No ion  cur ren t  was observed on t h e  c o l l e c t o r  though, and noth ing  could be 
done wi th  the  ion  focus e l e c t r o d e s  t o  ob ta in  any reading  on an e lec t rometer  
se t  t o  read c u r r e n t s  a s  low as 10 amperes. The ion  source was then re- 
moved, and both the  e l e c t r o n  a c c e l e r a t o r  and ion  a c c e l e r a t o r  aper tures  were 
inspec ted  under a highpower microscope, r evea l ing  t h a t  30% of t h e  e l e c t r o n  
en t r ance  aper ture  was plugged wi th  a m e t a l l i c  substance,  and t h e  ion  e x i t  
a p e r t u r e  had no hole  a t  a l l .  The su r faces  of both a p e r t u r e  p i eces  were 
very non-uniform, and appeared t o  be burned i n  s e v e r a l  a r e a s .  This  i n d i c a t -  
ed t h a t  e l ec t ron  beam d r i l l i n g  of t h e s e  very small ho le s  was not  a r e l i a b l e  
process ,  and t h a t  perhaps o ther  techniques of ob ta in ing  ho le s  of t h e s e  
dimensions should be inves t iga t ed .  Limi ta t ions  of funding,  however, con- 
cluded the  e f f o r t  r equ i r ed  t o  complete t h i s  t a s k ,  so t h e  p r o j e c t  was abandoned 
a t  t h i s  po in t .  
- 14 
F L E W  STUDY AREAS 
Although the t h e o r e t i c a l  c a l c u l a t i o n s  i n d i c a t e  t h e  f e a s i b i l i t y  of bu i ld ing  
a high pressure magnetic i o n  source capable  of handl ing p res su res  of 1 x 10 
t o r r ,  i t  has been found t h a t  t h e  manufacturing and f a b r i c a t i o n  techniques 
r equ i r ed  t o  bu i ld  such an  instrument  were beyond c a p a b i l i t y  f o r  t h e  e x i s t -  
i n g  funding. It has been shown, however, t h a t  e l e c t r o n  focus ing  through a 
.001 inch diameter hole  can be achieved and t h a t  with advanced cons t ruc t ion  
and handling c a p a b i l i t i e s  such an  i o n  source i s  no t  beyond t h e  realm of 
p o s s i b i l i t y .  A t  presen t ,  i t  is more usefu l  t o  th ink  of l a r g e r  ape r tu re  
s izes  f o r  sources  not  r e q u i r i n g  such high p res su res ,  so  t h a t  very high 
d i f f e r e n t i a l  pumping r a t i o s  can be avoided, 
-1 
It has  been shown t h a t  f o r  a given conductance, and choosing an  a p e r t u r e  
l eng th  t o  diameter ,  t he  g r a d i e n t ,  E r ,  t h e  ion ic  energy spread,  
and t h e  e l ec t ron  cur ren t  d e n s i t y ,  J-, t h e  ion  cu r ren t  t r a n s m i t t a b l e ,  and 
t h e  e f f e c t s  of a magnetic f i e l d  a r e  def ined  by choosing a s e t  of s c a l i n g  
f a c t  o r  6 .  
Vion 
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' Figure 15 p l o t s  t h e  ion  source conductance as a func t ion  of t h e  t i m e  response 
of t h e  source f o r  va r ious  i o n i z i n g  region volumes. 
conductance, t h e  necessary volume can be i n t e r p o l a t e d  between t h e  l i n e s  i n  
order t o  s a t i s f y  a r equ i r ed  system t i m e  response,  
The necessary c a l c u l a t i o n s  having been completed f o r  
i s  seen t h a t  t h e  remaining considerat ions depend upon t h e  p r a c t i c a l  means of 
ob ta in ing  very small a p e r t u r e s  and using u l t r a - c l e a n  techniques i n  order  t o  
remove t h e  p o s s i b i l i t y  of f i l l i n g  t h e  ape r tu re s  with f o r e i g n  material. 
These f a c t o r s  have c rea t ed  t h e  major d i f f i c u l t i e s  i n  t h e  design f o r  a 
d i f f e r e n t i a l  pumping r a t i o  of 10 , however, f o r  r a t i o s  of 10 o r  lower, i t  
Thus, f o r  a s p e c i f i e d  
.I 
on source design,  i t  
b 
I 4 3 
l i s  f e l t  t h a t  t h e  enlarged a p e r t u r e  s i z e s  are wi th in  t h e  c a p a b i l i t y  of 
e x i s t i n g  techniques.  
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